To determine the phylogenetic relationship between two forms of Japanese Tetranychus urticae, a portion of the mitochondrial cytochrome oxidase subunit I (COI) gene was sequenced for thirteen strains of the green form and eight strains of the red form. The Japanese green and red forms each consisted of three haplotypes, and the two forms were distinct from each other. However, phylogenetic analysis including mite samples from outside Japan revealed that the two forms are included in a single cluster. Although the entirety of T. urticae is comprised of two well diverged lineages, each of the two lineages included both the green and red forms. Thus, we conclude that from a phylogenetic viewpoint using COI sequences, the two forms belong to a single species.
INTRODUCTION
The two-spotted spider mite, Tetranychus urticae Koch, is a serious pest of various plants of agricultural importance, and is distributed worldwide. Two forms of this species, distinguished by a body color of green or red, have been recognized. The two forms also differ in the shape of lobes on the dorsal integument of the adult females (Boudreaux, 1956 ) and host preference (Van de Bund and Helle, 1960) . Thus, they were formerly considered separate species; the red form was called T. cinnabarinus (Boisduval). However, since it was proved that reproductive incompatibility between the two forms is not complete, T. cinnabarinus has been recognized as being synonymous to T. urticae (Dupont, 1979; Gotoh and Tokioka, 1996) . Ehara (1999) supported this inclusion morphologically.
In Japan, empirical observations suggest the green form used to be abundant only in the north, but expanded its distribution to the south in the 1970s (Okuhara and Shigenaga, 1978; Gotoh and Shinkaji, 1981) . A wide variation in diapause percentage, from 100% in the north to nearly 0% in the south, has been found (Takafuji et al., 1991) .
On the other hand, the red form is found only in south-western Japan in the field, and it does not enter diapause (Takafuji et al., 2000) . Goka et al. (1996) detected distinct allozyme differentiation between samples of the two forms collected from various localities in Japan. Their findings suggested that cross-breeding between the two forms is rare in the field. Crossing experiments using the two Japanese forms also suggested a strong reproductive incompatibility between them (Gotoh and Tokioka, 1996) . Thus, the two forms in Japan seem to be well diverged lineages.
Recently, DNA sequences have been widely used for phylogenetic analysis of many species. Navajas (1998) and Navajas et al. (1998) revealed that in T. urticae cytochrome oxidase subunit I (COI) on mitochondrial DNA is highly polymorphic within the species, and is therefore suitable for analyses of the intra-specific variation. After analyzing mite samples collected at many localities throughout the world, Navajas (1998) and Navajas et al. (1998) suggested that the ancestral population of T. urticae originated in the Mediterranean region, and that non-Mediterranean populations, including those in Japan, were recently colonized by human activities.
However, Navajas (1998) and Navajas et al. (1998) analyzed only the green form of Japanese T. urticae. Thus, the relationship between the Japanese green and red forms remains unclear. In this study, we phylogenetically analyzed the two forms of Japanese T. urticae using partial sequences of COI to infer the genetic relationship between them. We used a gene tree based on the COI sequences to assess whether the two forms showed diverged lineages. We maintain that if the two forms reveal independently evolving lineages, then their distinct histories should be apparent in the phylogeny for mitochondrial DNA.
MATERIALS AND METHODS
Mites. Thirteen strains of the green form of T. urticae and eight strains of the red form were used in this study together with a single strain of T. kanzawai used as an outgroup (Table 1) . Nine of the 13 strains of the green form were from Japan and the other four were from Italy, Brazil, Thailand, and Taiwan, respectively. For the red form, seven out of the eight strains were collected in Japan and one was from Italy. Mite samples collected in Japan were kept on detached bean leaves (Phaseolus vulgaris L.) placed on wet cotton at 25°C under a 16L-8D photoperiod until use in analysis, for periods ranging from a few weeks to five years. Samples from outside Japan were preserved in ethanol. For DNA analysis, one adult female from each strain was used.
DNA preparation. A single female adult chosen randomly from each strain was put into a 1.5-ml microcentrifuge tube, soaked in liquid nitrogen for a few minutes, then homogenized in 50 ml of extraction buffer (100 mM Tris, 50 mM NaCl, 50 mM EDTA, 100 mg/ml proteinase K, and 1% SDS) with a yellow pipette tip. Each tube was heated at 55°C for 30 min and subsequently at 37°C overnight. The solution was treated with 10 ml of RNase A (1 mg/ml) at 37°C for 1 to 2 h, then extracted twice with buffer-saturated phenol-chloroform (100 ml). Thereafter, the DNAs were precipitated with 10 ml of sodium acetate, 10 ml of linear polyacrylamide carrier (Gaillard and Strauss, 1990) , and 250 ml of absolute ethanol, and washed with 70% ethanol. Finally, the DNA was dissolved in 50 ml of TE buffer (10 mM Tris and 0.1 mM EDTA), and this solution was used for further analysis.
DNA amplification and sequencing. Two primers, 5Ј-AAGAGGAGGAGGAGACCCAA-3Ј and 5Ј-AAACCTCTAAAAATAGCGAATACAGC-3Ј (Hinomoto and Takafuji, 2001) , were used for amplification and sequencing. PCR was performed in 100 ml total volume containing 4 ml of mite DNA solution. The reaction buffer consisted of 0.2 mM of dNTPs, 20 pmol of each primer, and 2.5 units of Taq polymerase (GIBCO BRL) in 20 mM Tris HCl (pH 8.4), 50 mM KCl, and 1.5 mM MgCl 2 . The reaction mixture was put into a 0.5-ml thinwalled PCR tube, and amplification was performed in a Thermal Cycler TP3000 (Takara Shuzo) with the following profile: 94°C for 3 min, followed by 35 cycles of 94°C for 1 min, 52°C for 1 min, and 72°C for 2 min. Last strand elongation at 72°C was allowed for an additional 10 min. The resultant DNA solutions were purified by using a QIAquick PCR purification kit (QIAGEN) and dissolved in 30 ml of H 2 O. Sequencing was performed by the direct sequencing method using a Taq Dye Deoxy Terminator Cycle Sequencing Kit and ABI Model 373S Sequencer (Applied Biosystems).
Phylogenetic analysis. Sequence data on T. urticae and other tetranychid mites were obtained from Navajas et al. (1998) , Toda et al. (2000) , and the DNA databases. Sequences obtained were aligned using Clustal W software (Thompson et al., 1994) , then phylogenetic trees were constructed by the Neighbor-Joining method based on the maximum likelihood distance using PAUP* 4.0b8 (Swofford, 2000) . Optional parameters, the TN model of nucleotide substitution (Tamura and Nei, 1993) and the gamma distributed rates model of rate heterogeneity with eight categories, were used to correct the bias of base composition and substitution rates among the sites. The same analyses were also performed on 1,000 bootstrapped data sets.
RESULTS AND DISCUSSION
All sequence data obtained in this study will appear in the DDBJ/EMBL/GenBank International Nucleotide Sequence Databases under the accession numbers AB066449 to AB066470. Of a 396-bp region determined on both strands, a 377-bp region could be aligned with sequences obtained from DNA databases and used for further analyses. No insertions or deletions were found. The sequences were rich in AϩT (74.8%-76.4%), as reported by Navajas et al. (1996) . Polymorphic nucleotide positions in T. urticae are shown in Fig. 1 . Thirty-six sites (9.5%) were polymorphic, and 20 haplotypes, six of which were from Japan, were found. The number of nucleotide differences in a pairwise comparisons of haplotypes ranged from one (0.3%) to 22 (5.8%). The values ranged from 23 (6.1%) to 47 (12.5%) in pairwise comparisons of species in the genus Tetranychus, except for the value of T. gloveri and T. neocaledonicus, for which the sequences are identical (data not shown). Thus, nucleotide differences within T. urticae were smaller than those between species in the genus Tetranychus.
The Japanese green form consisted of three haplotypes (GJ1, GJ2, and GN2), which were 99% homologous to each other. Of nine samples of the Japanese green form, seven were identical with the Taiwanese and Thai samples (haplotype GJ1). Another haplotype (GJ2) found in three samples was different from GJ1 at three nucleotide positions (Fig. 1) . A haplotype GN2, a Japanese sample obtained by Navajas et al. (1998) , was not identical to any of the haplotypes GJ1 and GJ2. The Brazilian and Italian samples also showed unique haplotypes.
Three haplotypes (RJ1, RJ2, and RJ3) were found in the Japanese red form (Fig. 1) . The maximum difference of sequences in the Japanese red form (5.8%) was larger than that in the Japanese green form (0.8%). Haplotype RIT found in strain IT(R) was closely related to haplotype RJ3, which was different by four nucleotides (1.0%).
The phylogenetic tree (Fig. 2) failed to clearly distinguish between the green and red forms; neither form showed monophyly, whereas monophyly of the entire T. urticae was strongly supported. Ad-462 N. Hinomoto et al. Fig. 1 . Variable nucleotide sites among COI sequences of 38 mite samples (23 and 15 for the green and red forms of Tetranychus urticae, respectively) used in this study. Two sequences (accession numbers X74571 and X80855) were obtained from DNA databases. Abbreviations for other samples were those used in Table 1 in this study and those appearing in Table 1 in Navajas et al. (1998) . Codes for samples from Navajas et al. (1998) and DNA databases are indicated by asterisks. The areas where the samples were collected are indicated as follows: J, M, and O indicate Japan, the Mediterranean, and other areas, respectively. The base numbers refer to positions in the nucleotide sequences determined. Dots indicate identity with the first sequences for each sample. ditionally, the tree supported the existence of two lineages in T. urticae, as described by Navajas et al. (1998) . Each of the lineages included both forms. Consequently the two forms were not classified by COI sequences.
Only the sample Ga(R) was included in the lineage I, which consists entirely of Mediterranean haplotypes (Fig. 2) . The host plant (baby's breath) from which the Ga(R) was collected was grown domestically (M. Morishita, personal communication). Therefore it is likely that the mite was introduced into Japan along with other alien plants probably from Europe.
Phylogenetic approaches provide important information to estimate historic colonization patterns that can lead to hierarchical descent (Avise, 1994) . Phylogeny based on mitochondrial DNA sequences supports such analyses in many cases (Brower et al., 1996) . Our findings by this approach support the conclusion of Navajas (1998) and Navajas et al. (1998) ; T. urticae consists of two well diverged lineages, and the Japanese T. urticae must be newly colonized lineages.
We also obtained phylogenetic data showing that the red form of T. urticae is not a separate and distinct species from the green form. However, in Japan the two forms are not monophyletic, which means there is a certain degree of genetic divergence between them. Thus, limited gene flow (Goka et al., 1996) and strong incompatibilities (Gotoh and Tokioka, 1996) between the two forms in Japan are due to the deviations between the two Japanese forms. De Boer (1981) found varying degrees of incompatibility among adjacent populations. Further, host races in the green form are known (Gotoh et al., 1993) , and the genetic basis Phylogenetic Analysis of Japanese T. urticae 463 Fig. 2 . Phylogenetic tree inferred from 377-bp sequences of the mitochondrial COI gene of spider mites using the NeighborJoining method. The abbreviations for each strain are those used in Table 1 in this study and in Table 1 in Navajas et al. (1998) . Two Panonychus species were used as outgroups. The accession number is shown in brackets for the sequence data obtained from DNA databases. Samples from Japan and from the Mediterranean are indicated in italics and by asterisks, respectively. Bootstrap values (%) calculated by 1,000 resamplings are shown on each branch, although values of 80% or less are omitted. The scale of distances is shown under the tree.
of diapause differs between European and Japanese populations (Ignatowicz and Helle, 1986; Goka and Takafuji, 1990) . Thus, T. urticae contains high genetic intra-specific diversities. The two forms found in Japan are thought to be one such genetic variation.
